Abstract. This study investigated the historical record of the effects that anthropogenic pollution has had on benthic foraminifera over the last 110 years in the semi-closed Gamak Bay. The evidence consisted of geochemical data including 10
biodeposits discharged from mussel farming (Mytilus galloprovincialis) since the 1980s. The organic pollution materials originated from and deposited by biodeposits may contribute to the continuous deterioration and variation in the benthic ecological environment by means of "pollution storage". During this period, benthic foraminiferal assemblages in the northwestern area are correlated with the E. subarcticum-A. beccarii assemblage of the eastern area where oyster farming has taken place, and it is composed of E. subarcticum (35.4%) and A. beccarii (15.5%) with a TNBF of 1787 individuals, species 5 diversity of 2.18, C/S of 4.8 and a sedimentation rate of 0.95 cm/year. It is clear that the northern area seriously progressed in pollution compared to the eastern area, although the species composition is somewhat similar between the two areas. It may be caused by an overabundance and excessive deposition of the organic matter through an over-supply from mussel farming as well as the oval-shaped bottom physiography and very slow current speed. During the transition from the pre-urbanization to urbanization period, and aquaculture period in the northwestern area, the processes of variation in the benthic foraminiferal 10 assemblages may represent the transition from oxic to anoxic environmental conditions. The western area with A. beccarii-E.
advenum-E. clavatum assemblage, however, was unpolluted over the last 110 years. These differences in the degree of pollution and benthic foraminiferal assemblages between the areas in Gamak Bay may be caused by the physiography and current movements of the bay.
Introduction 15
Over the last few centuries, coastal areas have experienced a dramatic degradation in environmental quality as a result of anthropogenic activity, and this has led to a considerable reduction in marine biodiversity. The anthropogenic impact on coastal marine ecosystems has multiple origins, including the introduction of urban sewage, outflows from industrial and agricultural activities including fisheries, and other environmental problems including eutrophication, oxygen deficiency, chemical pollution, and physical disturbance (Barras et al., 2014; Yasuhara et al., 2012) . 20 Sediments are an essential, integral, and dynamic part of an aquatic environment and can act not only as a sink for various environmental chemicals, but also as a potential long-term secondary source of pollutants (Ridgway and Shimmield, 2002) .
The geochemical study of vertical sediment cores has been extensively used to reconstruct environmental transformation of different coastal areas all over the world (Cearreta et al., 2002; Di Gregorio et al., 2007) . In the sedimentary record, interactions between meiofaunal and geochemical elements have made it possible to distinguish between unimpacted, pre-industrial 25 intervals and sediments deposited in industrial periods. (Francescangeli et al., 2016) .
Benthic foraminifera have been commonly used in reconstructions of the environmental changes over the past several centuries, including changes caused by human activity (Scott et al., 2005; Tsujimoto et al., 2008; Irabien et al., 2008; Dolven et al., 2013; Romano et al., 2016; Francescangeli et al., 2016) . Benthic foraminifera can become fossilized and can act as reliable indicators of environmental change over historical and geological time scales (Gooday et al., 2009) . The fossil remains of benthic 30 foraminifera can provide information of the long-term environmental and biological changes, whether natural or humanBiogeosciences Discuss., https://doi.org/10.5194/bg-2017-383 Manuscript under review for journal Biogeosciences Discussion started: 1 November 2017 c Author(s) 2017. CC BY 4.0 License.
induced (Alve et al., 2009) . Foraminifera offer considerable advantages over other groups of benthic organisms because their hard shells (called "tests") often persist as a record in the sediment and their small size makes them abundant even in smallvolume samples. Thus they can be considered a reliable data source for statistical purposes. These characteristics make foraminifera suitable indicators for environmental studies of sediment cores and offer the opportunity to study temporal changes in the ecological conditions (Romano et al., 2016) . Moreover, since environmental quality must be assessed through 5 a comparison with reference conditions, sediment cores offer the advantage of including ancient deposits reflecting conditions from before human impact in lieu of searching pristine areas with the same characteristics as the targeted study area (Alve et al., 2009 ).
The coastal zones of Korea began to undergo urbanization in earnest in the 1910s with increased fossil fuel (especially coal) consumption (Jeong et al., 2006; Lim et al., 2012 Lim et al., , 2013 . Gamak Bay, which is located at the center of the southern coastal 10 area of Korea, is known to experience problems in its coastal environments, including eutrophication, hypoxia, and red tide events caused by an influx of anthropogenic pollutants, particularly organic matter (Lee et al., 2009; Lee et al., 2012 Lee et al., , 2016 Seo et al., 2012) . Historically, this relatively small bay has been subjected to a combination of environmental pressures that mainly arise from aquaculture and industrial activities, and it is therefore a good case study of historical variations in anthropogenic impacts. The purpose of this study is to investigate historical anthropogenic pollution as recorded by benthic 15 foraminifera over the last 110 years in Gamak Bay through an interpretation of geochemical data, including 210 Pb concentrations and benthic foraminiferal assemblage data acquired from core sediments.
Study area
Gamak Bay is located at the center of the South Sea coast of Korea. It is an oval-shaped, semi-enclosed bay surrounded by Yeosu and Dolsan islands ( Figure 1 ). It has an area of 148 km 2 , approximately 15 km in length and 9 km in width (Lee et al., 20 1995) . The bedrock beneath Gamak Bay is composed mainly of Cretaceous alkali-feldspar granite, andesite and andesitic tuff, a volcanic rock of intermediate composition with an aphanitic texture (KIGAM, 2002) . The surface sediments of Gamak Bay consist mainly of fine-grained silt and clay facies, although coarse-grained sediments are predominant at the mouth of the bay (Lee et al., 1995) .
The average water depth of the bay is 9 m, with relatively shallow water (<5 m depth) in the center increasing to ~30 m at the 25 mouth of the bay. The tide is semidiurnal, and the tidal fluctuation is quite large, with minimum and maximum tidal amplitudes of ~1 m and ~4 m during the neap and spring tides, respectively. The bay has two channels, one to the east and one to the south, but the southern channel is responsible for approximately 80% of all seawater exchange in the bay (Lee and Chang, 1982) . Tidal waves enter or exit almost simultaneously via these two channels with relative proportions of exchange (Lee et al., 2009) . The sea water of the bay can be divided into three water masses: (1) water in the northwestern area with a current 30 that generally flows counterclockwise with water that is quite stagnant due to the bottom topography, residual bottom currents Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-383 Manuscript under review for journal Biogeosciences Discussion started: 1 November 2017 c Author(s) 2017. CC BY 4.0 License.
with mean velocity of about 2 cm•s −1 (Lee, 1992) , and oxygen deficiency in the bottom water during the summer (Lee et al, 2016) ; (2) Yeosu Harbor water in the northeastern area with a lower salinity due to the influence of small streams and ditches;
and (3) water in the center and near the mouth of the bay with a generally clockwise current (Lee and Cho, 1990) and residual bottom currents with mean velocity of about 4 cm•s −1 (Lee et al., 2016) .
The bay is home to many commercially important marine organisms, including oysters, mussels, ark clams, rockfish, sea bream, 5 and flounder. Mussels and oysters are cultivated mostly using suspended longline systems and have been farmed in the northwestern and eastern areas of Gamak Bay, respectively, since the late 1970s, which makes this area important to the fishing industry. This bay was designated by the Korean government (Ministry of Land Transport and Maritime Affairs, MLTM) as an environmental conservation area in February of 2000 based on its ecological importance as a habitat for fish and shellfish (Kim, 2003) . However, increased human activities with an expansion of nearby urban areas since the 1970s, as well as the 10 development of various aquaculture industries including oyster and mussel farming in recent decades, have caused a gradual increase in the influx of anthropogenic pollutants, particularly organic matter. These pollutants have caused environmental problems at the coast, including eutrophication, hypoxia, and red tide events, especially during the summer (Lee et al., 2009; Seo et al., 2012; Lee et al., 2012 Lee et al., , 2016 . These phenomena have occurred continuously, even though a sewage treatment plant began operation in 2004 to restrain the influx of sewage from urban areas (Kim et al., 2006; Lee and Moon, 2006; Lee et al., 15 2009 ). Much of the current pollution in Gamak Bay originates from aquaculture activities and polluted surface sediments (Lee et al., 2016) .
Materials and methods

Sediment sampling
A core sediment sampling was conducted in August 2015 at three stations in representative localities of the western (St. 11257), 20 eastern (St. 10863) and northwestern (St. 11285) areas of Gamak Bay (Figure 1 ). These three sediment cores, with lengths of 40 cm, 44 cm and 60 cm, respectively, were extracted using a gravity corer of 76 mm in diameter and were analyzed in 2-cm intervals to examine grain size, trace metals, organic matter (OM), total organic carbon (TOC), total nitrogen (TN), total sulfur (TS), pH, 210 Pb radioactivity, and benthic foraminifera.
Grain size composition and geochemical analysis 25
Prior to a grain size analysis, the organic material and carbonates were eliminated from the sample by sequentially adding 10% hydrogen peroxide (H2O2) and 0.1 N hydrochloric acid (HCl). Subsequently, the samples were subjected to a Sedigraph 5100 automatic particle size analyzer to measure the fine fraction (<63 μm) and sieve analysis for the coarse fraction. The weights of the coarse and fine samples were recorded as weight percentages for each section (Folk, 1968 For the trace metal analysis, the samples were freeze-dried and ground to a fine powder with an agate mortar. A 0.25-g portion of each sample was measured into a Teflon decomposition container, into which 6 mL of HNO3 (65%), 1 mL of HClO4 (65%), and 1 mL of H2O2 (30%) were added. The mixture was processed with the decomposition sequence of a microwave decomposition system (ETHOS TC, Milestone, Italy). After cooling, the mixture was diluted to 50 mL with 0.1% nitric acid.
These samples were used for inductively coupled plasma optical mass spectrometry NexION®300X . Trace metal concentrations were compared to the ER-L (Effect Range-Low) and ER-M (Effect Range-Median)
values reported in the sediment guidelines of the U.S. Environmental Protection Agency (USEPA) (Long et al., 1995) . 10 Subsamples (30-40 mg) were oven-dried at 50 °C and were pulverized to a silt size using an agate mortar; 10 mg of each of these samples were enclosed in thin Ag film cups. Next, 1 M HCl was added to these samples, and these were dried at 11 °C for 30 min. TOC, TN, and TS contents were then measured with an elemental analyzer (Flash 2000, Thermo Scientific, Italy).
Each sediment core sample was oven-dried at 60 °C immediately after the fieldwork. After the shells had been removed, the samples were homogenized using a mortar and pestle. After homogenization, 3-5 g subsamples were placed in pre-weighed 15 crucibles that were then placed in a desiccator overnight to remove any remaining moisture. The samples were weighed before being placed in a small furnace for 4 h at 550 °C and were then cooled in a desiccator overnight and reweighed. Loss on ignition (LOI) was calculated as follows: LOI% = [(Initial Dry Mass − Final Dry Mass)/Initial Dry Mass] × 100 (modified from Dean, 1974).
The sediment pH was measured using a pH Spear (Oakton, Eutech Instruments, Singapore) with a pH range of −1.00 to 15.00 20 pH and a resolution of 0.01 pH.
210 Pb radioactivity
With a nearly uniform grain size, the sediment composition of the three cores may indicate that trace metals have accumulated in a very stable sedimentary environment. In this case, the pollution history of these sediments can be successfully reconstructed using
210
Pb radiometric dating alone without normalizing for the concentrations of pollutant metals or referring 25 to other time markers (Kitano et al., 1980; Grousset et al., 1999) . Once heavy metals are released into shallow marine environments, they are removed from the water column through interactions with suspended particles and are subsequently deposited as bottom sediments (Callender, 2003) . Since heavy metals deposited in sediments are not biodegradable, the metal profiles of the sediment cores, in combination with 210 Pb dating techniques, can be used as records of pollution events (Cantwell et al., 2007; Ip et al., 2007; Irabien et al., 2008; Lim et al., 2012 Po on an Ag disc in conjunction with a 209 Po chemical tracer (Ruiz-Fernández et al., 2003; Lubis, 2006) .
Foraminiferal analysis
An analysis of the benthic foraminifera in core sediments was conducted at 2-cm intervals. Samples for this analysis were 5 washed over a 63-µm sieve and were oven-dried at 50 °C. After further drying, these samples were subdivided using a modified Otto microsplitter. Foraminifera were counted under a binocular microscope from a known fraction, or the full sample was counted. A minimum of 200 individuals were counted from each interval. The benthic foraminifera taxonomy used in this paper is based on works by Asano (1950 Asano ( , 1951a Asano ( , b, 1952 , Matoba (1970), and Loeblich and Tappan (1994) .
The total numbers of benthic foraminifera, the numbers of individuals per 20 mL, species diversity, and species evenness were 10 statistically analyzed. Species diversity (H') and evenness (J) were calculated using formulas presented by Shannon and Weaver (1963) and Pielou (1966) .
To determine the structure of the foraminiferal data set, we performed Q-mode clustering techniques with the paired group algorithm based on Bray-Curtis similarity which provided grouped averaged data for square-root-transformed abundance data.
All statistical analyses were performed on foraminiferal relative abundance data sets using all species. Q-mode cluster analyses 15 were carried out using the PRIMER 6 software (Plymouth Routines in Multivariate Ecological Research, UK). A correlation matrix was calculated for transformed geochemical elements and dominant species.
For the structural refinement, principal component analysis (PCA) was conducted to identify similarities and differences among foraminiferal assemblages. This technique reduces large data matrices composed of several variables to a small number of factors that represent the main modes of variation, facilitating the interpretation of large volumes of data. PCA was carried 20 out for the ordination of sample locations based on the matrix constructed using 14 variables (geochemical elements).
Results
Grain size, geochemical composition, and trace metal contents
Sediments of core 11257 were composed mainly of homogeneous mud facies with 68.84% clay and 30.02% silt (Table 1, Figure 2 -A). The OM content averaged 7.25% with a range from 6.53 to 8.29% (Table 1 ). The TOC and TN content averaged 25 0.9% and 0.15% with ranges from 0.77 to 1.08% and 0.08 to 0.20%, respectively (Table 1) , and both gradually increased from the lowermost to the uppermost layers of the cores (Figure 2-B, C) . The TS content, pH, carbon-to-nitrogen ratio (C/N), and carbon-to-sulfur ratio (C/S) averaged 0. 15%, 6.97, 6 .05, and 6.33 with ranges of 0.08-0. 22%, 6.75-7.24, 5.03-10.49, and 4.41-12.12, respectively ( However, the TOC content increased rapidly from a depth of 21 cm and appeared to remain constantly to the uppermost layer (1.22% on average). The C/S averaged 4.16, and was mostly distributed between 3.0 and 5.0 ( Table 2 (Table 3 ). The C/S averaged 2.36 and ranged from 1.85 to 3.08; these values were generally below 3.0 throughout the core, 15 except in the layers at depths of 5 cm, 57 cm, and 59 cm ( Table 3 ). The C/S values declined from the lowest layer 
Benthic foraminifera 25
Sixty-six species of benthic foraminifera (four agglutinated, 56 calcareous-hyaline, and six calcareous-porcelaneous) belonging to 43 genera were identified from sediments of core 11257 (Appendix A). The abundance frequency of agglutinated foraminifera, 7.7% on average, gradually increased from the lowermost to the uppermost layers (Figure 3-I-A) . The dominant species (over 10% of abundant frequency in one layer) of benthic foraminifera, out of an average total of 6,608 individual benthic foraminifera in 20 ml of sediment, were Ammonia beccarii (average: 14.0%), Elphidium advenum (average: 13.3%), 30 E. clavatum (average: 13.1%), E. subarcticum (average: 12.4%) and A. ketienziensis (average: 6.5%). Therefore, the abundance frequencies among these dominant species differs very little. Variations in the abundance frequencies of these dominant species showed no clear trends from the lowermost to the uppermost layers (Figure 3-I-B~F) , and the species diversity was high with an average value of 2.8 and a range from 2.6 to 2.9, indicating no clear trends in variation. The total number of benthic foraminifera (TNBF) decreased gradually from the lowest layer (8,016 individuals) to 11 cm (4,288 individuals) and increased again to 5 cm (11,296 individuals) (Figure 3-I-H) . A cluster analysis was conducted using the Bray-Curtis similarity index (SI) to examine the similarities among the component species at each location in which benthic foraminifera were found in any 5
given sample (Figure 4-A) . Twenty samples were categorized into one cluster with similarity (SI) ≈ 74.51. Cluster I was composed of an A. beccarii-E. advenum-E. clavatum (Ab-Ea-Ec) assemblage.
Fifty-six species of benthic foraminifera (four agglutinated, 46 calcareous-hyaline, and 6 calcareous-porcelaneous) belonging to 39 genera were identified from sediments of core 10863 (Appendix B). The dominant species of benthic foraminifera, out of a total average of 2,544 individual benthic foraminifera in 20 ml of sediment, were E. subarcticum (average: 20.9%), A. 10 beccarii (average: 14.9%), E. clavatum (average: 12.5%), E. advenum (average: 11.8%) and A. ketienziensis (average 6.5%).
Co-occurring species were E. somaense (average: 5.2%) and B. frigida (average: 3.8%). The abundance frequency of E. (Figure 4-B) . Cluster I, which consisted of samples from 0-17 cm core depth, was an E. subarcticum-A. beccarii (Es-Ab) assemblage with average abundance frequencies of 30.2-42.6% and 9.6-22.0%, respectively. Cluster II, which consisted of samples from 19-43 cm core depth, was an A.
beccarii-E. advenum-E. clavatum (Ab-Ea-Ec) assemblage with average abundance frequencies of 14. 5%, 14.3% and 14.2%, 20 respectively, notably with very little difference among these abundance frequencies.
Twenty-seven species (five agglutinated, 20 calcareous-hyaline, and two calcareous-porcelaneous) belonging to 22 genera were identified from sediments of core 11285 (Appendix C). The abundance frequency of agglutinated species averaged 13.3%, and these taxa consisted mainly of Eggerella advena and Trochammina hadai, and gradually increased in abundance from 39 cm depth to the uppermost layer ( The species diversity was very low with an average value of 1.5, and it showed no distinct variation pattern ( advenum (Ab-Bf-Ea) assemblage average abundance frequencies of 49.2%, 20.8% and 9.5%, respectively.
210 Pb ages of core sediments
The total 210 Pb in the sediments of cores 11257, 10863 and 11285 ranged from 17.2 to 64.7 mBq/g, 20.2 to 89.7 mBq/g and mBq/g to 99.5 mBq/g, respectively (Table 4) 
The pre-urbanization period
The Ab-Bf-Ea assemblage, which was deposited between 1906 and 1964 Huanghai (Yellow) Sea (Wang et al., 1985) , as well as in Gyunggi Bay and Ansan Bay in South Korea (Chang and Lee, 1984; Woo and Lee, 2006) . B. frigida, E. advenum and E. clavatum are widely distributed around the southern and western coastal areas of Korea (Woo and Lee, 2006; Lee et al., 2016) . Lee et al. (2016) reported that E. advenum was positively correlated to dissolved oxygen, pH, and C/S in sediments of Gamak Bay. Therefore, this dominance in this taxon does not appear to be distinct to the pollution phenomenon described herein. However, statistical data from benthic foraminifera with a species 25 diversity of 1.37 and a TNBF of 704 individuals in the northwestern area indicates a progression in the degree of pollution in the sediment (Alve, 1995) compared to the eastern area with a TNBF of 3.068 individuals, a species diversity of 2.67, and western area with a TNBF of 6,608 individuals with species diversity of 2.8. C/S ratios greater than 5, between 3 and 5, and less than 3 indicate freshwater conditions, oxic marine-to-brackish conditions, and reductive brackish marine conditions, respectively (Berner and Raiswell, 1984) . The northwestern area with a C/S of 2.63 may be a somewhat brackish environment 30 compared to the eastern area with a C/S of 3.73 and western area with a C/S of 6.33. The Korean coastal zones began to undergo an urbanization in earnest in the 1910s with an increase in fossil fuel (especially coal) consumption (Jeong et al., 2006; Lim et al., 2012 Lim et al., , 2013 . Therefore, pollution or a reductive brackish environment in the northwestern area, even though there were no differences in species composition of benthic foraminifera, may be caused by stagnant sewage supplied from a small village that formed before city construction in the hinterland of the northwestern area, and the oval-shaped bottom topography of northwestern area, as shown from the difference of the sedimentation rate between 5 northwestern (0.64 cm/y) and eastern (0.42 c m/y), western (0.44 cm/y) area.
Urbanization period
Benthic foraminiferal assemblage in the northwestern area varied rapidly from the Eso-Ab-Bf assemblage, through Ab-Bf-Ea, assemblages from hypoxic sediments associated with eutrophication have been found in Osaka Bay, Japan (Tsujimoto et al., 15 2006a (Tsujimoto et al., 15 , 2006b (Tsujimoto et al., 15 , 2008 and Gamak Bay, South Korea (Lee et al., 2012 (Lee et al., , 2016 . During deposition of this interval, the sedimentation rate was higher than that during the pre-urbanization period, i.e., 1.0 cm/year versus 0.64 cm/year, and C/S decreased from 2.63 to 2.08. TNBF decreased relative to the pre-urbanization period from 704 to 244 individuals. Statistic indices of geochemical and benthic foraminiferal assemblages still indicate unfavorable sediment and environmental conditions. A rapid variation in the benthic foraminiferal assemblages may reflect the unstable habitat environment that was 20 caused by continuous inflow and deposition of sewage into sediment, as shown with an increase in the abundance frequency in T. hadai and E. subarcticum.
This sewage is thought to have caused eutrophication, and the water quality deteriorated more than during the pre-urbanization period. These conditions may have been caused by the increase in sewage discharged from Yeosu City, which was constructed at the hinterland of northernmost area in Gamak Bay for people employed at the Yeocheon Industrial Complex from the late 25 1960s to the early 1970s (Kim et al., 2014) .
The dense population and associated rapid urbanization that emerged in the 1960s resulted in great ecological stresses affecting the coastal ecosystems along the Korean coast (Choi et al., 2010) . No benthic foraminiferal assemblages in the eastern and western areas of the bay correlate with the Eso-Ab-Bf ~ Ab-Es-Th assemblages of the northwestern area, and these findings suggest that pollution during the urbanization period may have been restricted to the northwestern area and to not diffuse to 30 the surrounding area (Figure 6-C) .
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The aquaculture period
The Es, Ab-Es-Th and Es assemblages were sequentially distributed in the northwestern area ( Sedimentation rates were greater within the farm than at reference sites, which supports the theory that mussel farming 10 increases sedimentation rates (Callier et al., 2006) . Therefore, the high sedimentation rate may be mostly the result of mussel farming. It is widely accepted that the primary benthic environmental impact of suspended mussel farming is the buildup of biodeposits directly below the culture area (Jaramillo et al., 1992; Hargrave, 2003) , which may cause negative effects on the coastal systems, such as eutrophication and hypoxia, which occur at <0. subarcticum and TNBF after 1987. The abundance frequency of A. beccarii was the highest in the pre-pollution period, and it 30 subsequently decreased rapidly. Conversely, the E. subarcticum abundance increased rapidly and reached its highest frequency during the aquaculture period (Figure 3-III-D, I ). As the pollution increased, the populations of transitional or more tolerant species increased at the expense of taxa that are more sensitive, and highly tolerant or opportunistic species ultimately become Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-383 Manuscript under review for journal Biogeosciences Discussion started: 1 November 2017 c Author(s) 2017. CC BY 4.0 License. dominant (Alve, 1995) . It is thought that organic pollution in the northwestern area of Gamak Bay progresses rapidly through a high sedimentation (rate: 3.15 cm/year) of biodeposits discharged from the suspended mussel farm. These polluted materials accumulated in sediment may contribute to the continuous deterioration and variation in the benthic ecological environment by means of "pollution storage," although these materials may be partially removed by residual bottom currents (Lee et al., 2016) . 5
The Es, Ab-Es-Th and Es assemblages of the northwestern area are correlated with the Es-Ab assemblage of the eastern area where oyster farming took place between 1989 and 2014. The latter assemblage is composed of E. subarcticum (35.4%) and A. beccarii (15.5%) and has a TNBF of 1787 individuals, species diversity of 2.18, C/S of 4.8 and a sedimentation rate of 0.95 cm/year (Figure 6-B) . The environment conditions of the benthic ecology in the eastern area appear to have been better than those in the northwestern area, although oyster farming also affects sedimentation and associated infaunal assemblages beneath 10 cultivation areas (De Grave et al., 1998; Kaiser et al., 1998; Forrest and Creese, 2006; Dubois et al., 2007; Forrest et al., 2009; Solomon and Ahmed, 2016) . In shallow-water eutrophic systems, the temporal and spatial changes in benthic foraminifera appear to be controlled primarily by the timing and extent of organic matter flux (Sabbatini et al., 2012) . Organic matter in surface sediment is an important source of food for benthic fauna, but an overabundance may lead to a reduction in species richness, abundance and biomass because of oxygen depletion and buildup of toxic byproducts, which may lead to an anaerobic 15 and ultimately azoic state in heavily farmed or depositional areas; remediation of highly enriched sediments may take several years (Pereira et al., 2004) . In addition, the extent of the environmental impact of the aquaculture depends on the amount of nutrients and organic matter that is released as well as on the hydrodynamic processes, including waves, current activity, and water residence time (Ackefors and Enell, 1994; Wu, 1995; Aure et al., 2007; Duarte et al., 2008; Stevens et al., 2008; Strohmeier et al., 2008) . Ultimately, polluted sediment in the northwestern area may be caused by overabundance and excessive 20 deposition of organic matter through over-supply from mussel farming as well as the oval-shaped bottom physiography and very slow current speed (Lee et al., 2009) , even though the species composition is somewhat similar between northwestern and eastern areas.
During the transition from the pre-urbanization to the urbanization period and aquaculture period, the concentration of Mn (average: 560.57 mg/kg) in the northwestern area rapidly decreased from the lowermost layer (705.2 mg/kg) to the layer at 25 25 cm depth (431.0 mg/kg) and uppermost layer (470.2 mg/kg) (Figure 2-U) , in contrast to gradually increasing values in the eastern and western area (Figure 2-E, M) . This prominent upward decrease in Mn content is ascribed to its higher mobility than Fe and S with redox change during anoxic sediment diagenesis (Emerson et al., 1979; Kersten and Forstner, 1986; Calvert and Pederson, 1993) . Lee et al. (2016) Ab-Es-Th assemblages and ultimately to the Es assemblage may represent the transition from oxic to anoxic environmental conditions.
Pollution variation
The organic matter discussed in the present study plays an important role in controlling the composition of benthic 
Conclusion
Historical records of the effects of anthropogenic pollution on the benthic foraminifera over the last 110 years in Gamak Bay 20 are summarized in Figure 9 based on three periods. In the period between 1906 and 1964, Gamak Bay may have remained mostly unpolluted by anthropogenic activities, which allowed the Ab-Ea-Ec assemblage to flourish, except in the northwestern area with Ab-Bf-Ea assemblage that gradually deteriorated under the effects of a concave bottom physiography, flux limited sea water movement and sewage flux from small streams of villages (Figure 9-A) . With city construction for people employed at the industrial complex between 1965 and 1987, the sewage inflow into the northwestern area increased rapidly, the pollution 25 continuously accelerated, and the benthic foraminiferal assemblage rapidly progressed from Eso-Ab-Bf assemblage, through Ab-Bf-Ea, Bf-Ab-Es, Th-Es-Bf, to Ab-Es-Th assemblage in a brief space of time (Figure 9 -B) via unstable habitat conditions.
Pollution during the urbanization period may have been contained within the northwestern area, and it did not diffuse to the surrounding area. However, the northwestern area between 1988 and 2014 became progressively intensified by sewage flux and mussel farming in, and the organic pollution rapidly increased by a high sedimentation of the biodeposits (Figure 9-C) . The benthic foraminiferal assemblage transitioned into an Es assemblage composed of E. subarcticum, known to the bioindicator of organic pollution in Gamak Bay. These processes of variation in benthic foraminiferal assemblages at northwestern area may represent the transition from oxic to anoxic environmental conditions. During this period, pollution extended to the eastern area which affected oyster farming, causing a shift to an Es-Ab assemblage (Figure 9-C) . The western area, however, was unpolluted over the last 110 years due to the clockwise movement of the sea water inflow from the bay 5 mouth of the south. The western area is considered to show reference conditions of Gamak Bay for both environmental parameters and foraminiferal assemblages. Strohmeier, T., Duinker, A., Strand, Ø., and Aure, J.: Temporal and spatial variation in food availability and meat ratio in a longline mussel farm (Mytilus edulis), Aquaculture, 276, 83-90, 2008. Tsujimoto, A., Nomura, R., Yasuhara, M., and Yoshikawa, S.: Benthic foraminiferal assemblages in Osaka Bay, southwestern Japan: faunal changes over the last 50 years, Paleontol. Res., 10, 141-161, 2006a.
Tsujimoto, A., Nomura, R., Yasuhara, M., Yamazaki, H., and Yoshikawa, S.: Impact of eutrophication on shallow marine 30 benthic foraminifers over the last 150 years in Osaka Bay, Japan, Mar. Micropaleontol., 60, 258-268, 2006b . Table 1 : Grain-size composition, trace metal and geochemical analysis of sediment core 11257, taken from western area of Gamak Bay. Note: Sedi: sediment, OM: organic matter, TOC: total organic carbon, TN: total nitrogen, TS: total sulfur, C/S: total organic carbon/total sulfur, C/N: total organic carbon/ total nitrogen. 
